Abstract
Embedded System Design Class
According to recent market surveys, most new embedded system design work has moved from 8-bit to 32-bit processors and most embedded devices now utilize an operating system to support their software [2] .
The goal of this effort was to develop free academic curriculum materials for an undergraduate embedded systems design course that uses a commercial real-time operating system (RTOS) and a 32-bit embedded computer that can be used in undergraduate degree programs in Computer Science, Computer Engineering, and Electrical Engineering. These courses need to be periodically updated with newer technology that more accurately reflects current design practice and the technology being used in new embedded products.
To help schools equip laboratories, the objective was to find a full-featured 32-bit embedded computer that would be priced comparable to an academic textbook, and to provide schools and students with free software including an OS along with a full set of device drivers and the required C/C++ software development tools.
Embedded Systems Design classes are typically three to four hour credit classes taken at the junior or senior level. Versions of this course can be found in undergraduate degree programs in Computer Science, Computer Engineering, and Electrical Engineering.
Typically, students have had prior coursework in programming in C, C++, or Java, digital hardware, an introductory computer architecture class, and in many cases an introductory operating systems class. At Georgia Tech ECE 4180 Embedded Systems Design is a four hour senior level course that includes a final team-based design project during the last month of the course [1] .
Many students today also use an embedded computer board for their senior design project. These materials can also be used to provide students with a quick overview and tutorials on using the RTOS and the eBox embedded computer for their senior design project.
Student laboratory assignments developed for these materials use Windows Embedded CE 6.0, a popular commercial RTOS designed for embedded systems. Target devices include an ARM emulator, and a low-cost X86 SoC computer, the eBox 2300.
For expansion I/O, Phidgets are supported. Phidgets are a family of low-cost USB-based I/O devices and sensors that can be used for projects needing additional I/O such as analog inputs and digital inputs and outputs.
Hardware
The eBox 2300 MSJK embedded computer [3] seen in Figure 1 uses an X86 System on a Chip (SoC) processor with 128M of RAM and 256M of Flash. Like most embedded devices, it uses Flash memory instead of a hard disk drive for non-volatile storage. If needed, a notebook hard drive can be used inside the eBox. It requires a single 5V supply at 3A maximum, so it can easily be used in larger battery operated devices. The eBox has all of the basic I/O devices typically found on a desktop PC as seen in Figure 1 . It has a PS/2 keyboard and mouse input and a standard VGA output. The software can also export display information to a development system PC for headless devices. It has Ethernet, two serial ports, 3 USB 1.1 ports, a CF card slot, and AC97 audio. An optional internal 802.11 wireless card is available. Educational pricing is comparable to the price of current academic textbooks.
Software
According to recent surveys, most new embedded devices use an OS, and Windows Embedded CE is one of the most widely used commercial real-time operating systems in embedded devices [2] . Unlike the Windows Desktop Operating Systems, CE is a hard real-time OS. A free board support package (BSP) that contains a full set of I/O device drivers was developed for the eBox and CE 6.0 [3] . This makes configuring and generating a custom OS much easier. Using the tutorials developed, and the GUI-based tools in Visual Studio students can build a new OS and have it running on the eBox in under an hour. Tools are provided to download and debug the new OS and code using network, serial, or USB connections.
Windows Embedded CE 6.0 is available free to faculty and students under Microsoft's MSDN Academic Alliance program and also in a 180-day free trial version with Visual Studio 2005 that can be downloaded on the web [4, 5] . 
Laboratory & Design Projects
In the past two semesters, we have had a wide variety of laboratory and design projects that have used the commercial RTOS and SoC computer approach. Design projects have included robots, VoIP phones, and several Internet appliances. Some projects are headless devices.
A series of several laboratory tutorials introduces students to the OS build process and developing and debugging C/C++ and C# applications. C# syntax is similar to Java. The OS and application code is tested and debugged using the eBox hardware [4] .
For projects needing additional external devices and sensors, USB-based Phidgets modules are used as seen in Figure 3 [6] . Phidgets support both analog and digital I/O and also provide a wide array of pre-assembled sensor modules. After using Phidgets in a laboratory experiment, most students have used Phidgets in their final design project. Small low-cost Cypress PSoC boards have also been used for serial and USB-based I/O devices that require custom firmware and faster sample rates. 
Experiences
Using a commercial RTOS (CE 6.0) and the low-cost eBox SoC computers for student laboratory and design projects has been a very positive development for the embedded systems design course. The complexity of the design projects has increased since introduction of the newer technology. Most design projects now use threads and utilize some aspect of networking technology. Using an OS with laboratory tutorial assignments to learn the tool flow, before starting project work, enables students to accomplish more in less time in their design projects.
